Sequences corresponding to the third Intron of the X.laevis L1 ribosomal protein gene were Isolated from the second copy of the X.laevis gene and from the single copy of X.troplcalls. Sequence comparison revealed that the three Introns share an unusual sequence conservation which spans a region of 110 nucleotides. In addition, they have the same suboptimal 5' splice sites. The three introns show similar features upon oocyte microinjection: they have very low splicing efficiency and undergo the same site specific cleavages which lead to the accumulation of truncated molecules. Computer analysis and RNAse digestions have allowed to assigne to the conserved region a specific secondary structure. Mutational analysis has shown that this structure is important for conferring the cleavage phenotype to these three introns. Competition experiments show that the cleavage phenotype can be prevented by coinjection of excess amounts of homologous sequences.
INTRODUCTION
The third intron of the LI ribosomal protein gene of Xlaevis has a peculiar splicing phenotype: besides being a poor splicing substrate it undergoes site specific endonucleolytic cleavages (1, 2) . The low splicing efficiency was previously shown to be due to the presence of non-canonical splice sites whereas the cleavage phenotype depends on the presence of internal intron sequences (3) . Endonucleolytic cleavages are abundant in the Xenopus system and in particular of the late stages of oocyte maturation as shown by the fact that HeLa nuclear extracts (4) as well as stage IV oocytes (unpublished results) do not produce accumulation of truncated molecules. In order to facilitate the identification of the sequences involved in this control we undertook a phylogenetic comparison of the LI third intron by isolating the corresponding sequences from the second copy of the Xlaevis LI gene and from the single LI copy of Xtropicalis. A highly homologous region was identified in the three introns which can be folded in a conserved secondary structure. Mutations inside this region abolish or reduce the cleavage phenotype. In vivo RNase digestions and competition experiments suggest that this sequence is recognized by some specific factors).
MATERIALS AND METHODS

Cloning of third intron sequences from LI genes
The third intron of the second copy of the Xlaevis LI gene (Lib) and of the only copy of X.tropicalis (Lit) were isolated by PCR amplification using primers derived from the sequence of the Lib cDNA (5) . The forward oligo includes 25 nucleotides of the 3' portion of the third exon plus an EcoRI site (5'-CCGAATTC-TGTTGCTCGTATTCCCCGTGTGCGC-3'), while the backward primer includes 23 nucleotides of the 5' portion of the fourth exon plus an Xhol site (5 '-CCCTCGAGACCGCATAGCG-TTTTGGGTC-3').
PCR reactions were carried out in 50 jtl of 50 mM KC1, 10 mM Tris-HCl pH 8.3, 1.5 mM MgCl 2 , 250 mM dNTP, 1 /tM of each primer, 4.5 units of Taq polymerase and 1 /ig of total genomic DNA. Each amplification cycle consisted of 1 min. denaturation at 94°C, 2 min. annealing at 58°C, and 3 min extension at 72 °C. Thirty cycles were performed.
The EcoRI and Xhol sites of the primers allow the cloning of the amplified DNA in the corresponding sites of Bluescript vector (Stratagene). The recombinant plasmid were sequenced according to the Sanger method (6).
In vitro RNA synthesis and oocyte microinjection 003a RNA was transcribed from plasmid 003 Sacl. This construct was obtained by inserting the EcoRI-Hindm fragment of the pSP65-003 plasmid (3) in the EcoRI-HindTH sites of Bluescript M13+ vector. Sacl digestion of this plasmid followed by religation allows to eliminate nucleotides of the polylinker region. The Hindm linearized template gives a transcript 471-nt long, which contains 89 nucleotides of exon 3, the entire third intron and 59 nucleotides of exon 4 and 82 nucleotides of the polylinker region.
The templates for 003b and 003t RNA transcription were obtained by Xhol digestion of plasmids 003b and 003t. The transcripts include the 228-nt long intron of Lib and the 252-nt long intron of Lit. The plasmids contain also 72 nucleotides of exon 3 and 89 nucleotides of exon 4 plus 67 nucleotides derived from the vector polylinker.
The 32 P-labeled T7 transcripts were synthesized in vitro and gel purified as described by Caffarelli et al. (2) . Transcripts were injected into the nuclei of stage VI oocytes and total RNA was extracted from manually purified nuclei (3) . An equal number of injected counts were loaded on 10% acrylamide-urea gels.
Tl and SI nucleases analysis
The 003a RNA secondary structure analysis was performed on 5' end-labeled molecules, in denaturing and native conditions.
In vitro transcribed 003a RNA was 5' dephosphorylated with Calf Intestinal Phosphatase and phosphorylated in 50 mM Tris-HC1 pH 8, 10 mM MgCl 2 , 5 mM DTT, in the presence of 70 /tCi 32 P-7 -ATP (3000 Ci/mmol) and 15 units of T4 polynucleotide kinase. The RNA was ethanol precipitated and purified on 5% acrylamide-urea gel.
The partial digestions with Tl or SI nucleases were carried out on 10.000 cpm of RNA. The Tl digestion in denaturing conditions was performed at 55 °C for 15 min in a 10 /tl reaction volume containing 8 M urea, 1.75 mM EDTA, 0.033 mM NaCitrate pH 5, 4 /tg of E.coli tRNA and 30 units of enzyme. Tl digestion in native conditions was performed in 10 /tl of 5 mM Hepes pH 7.5, 35 mM NHjCl, 3.5 mM MgCl 2 , 0.05 mM EDTA pH 8, in the presence of 15 units of enzyme and incubated at room temperature for 5 min. The Tl in vivo analysis was performed injecting into the nuclei of stage VI oocytes the 5' end-labeled 003a RNA. After 10 min. of incubation the nuclei were manually dissected, homogenized and Tl digested in 100 /tl reaction buffer in native conditions. SI digestion was performed in 10 /il of the same solution used for RNase Tl in native conditions plus 10 mM ZnSO 4 , and incubated at room temperature for 5 min. in the presence of 15 units of SI nuclease.
After incubation the samples were phenol extracted, ethanol precipitated and analyzed on 6% acrylamide-urea gels.
Site-specific mutagensis Mutants F88, F5, F6, F5-6, F7 and Flp were costructed according to Inouye and Inouye (7), using plasmid pSP65-OO3. All the other mutant plasmids were constructed by inverse PCR (8), using plasmid 003 Sad.
Densitometric scanning
Densitometric scanning was performed with a LKB 2222-020, Ultrascan XL, Laser Densitometer.
RESULTS
Isolation of the LI third intron from other sources
We previously reported that the LI gene is present in two copies (Lla and Lib) per haploid genome in X.laevis (9) while it is present in only one copy in X.tropicalis (10) . In consideration of the peculiar splicing phenotype of the third intron of the Lla copy (3), we undertook the isolation of the corresponding sequences from the second copy of X.laevis (Lib) and from the single copy of X.tropicalis (Lit). Two oligonucleotides, covering 25 bases of the third exon and 23 nucleotides of the fourth exon, were used as primers for PCR amplification on total genomic DNA. The amplified fragments were cloned under the T7 promoter of the Bluescript plasmid and sequenced. present in a region which spans more than 110 nucleotides: the Lib copy has 7 base substitutions and one nucleotide insertion, the Lit copy is even more similar to the Lla copy in that it shows only 5 changes. As seen in fig. 1 the remaining parts of the introns diverge quite considerably, as expected for intron sequences.
One interesting feature of the third intron of the Xlaevis Lla gene copy is the presence of a suboptimal 5' splice site, which was previously shown to be responsible for its poor splicing 003t 003a OO3b efficiency (3). Interestingly, the third intron of the other two gene copies also contains the same suboptimal 5' splice sequence (AC'GUAUC). In addition, the 3' splice site and the pyrimidine stretch are very well conserved with respect to the Lla copy. They also deviate from the consensus: the 3' splice site has a C at position -3 and the pyrimidine stretch is not very C-U rich. The fact that these suboptimal splice consensus sequences have been so conserved suggests that their role in decreasing splicing efficiency is important for the regulated expression of this gene.
Spiking analysis in X.laevis oocytes Transcripts derived in vitro from the T7 constructs were microinjected in the nuclei of X. laevis oocytes and the nuclear RNA was analyzed after 15 and 60 minutes of incubation. gel is shown in the upper part of panel a), where the small amounts of lariats can be detected. In addition, 003b and 003t RNAs show a similar cleavage phenotype (C,D and F bands) to the one previously characterized for 003a (3) . The truncated molecules were extracted from the gel and analyzed by RNAse H and reverse transcriptase elongation using an oligonucleotide internal to the intron (not shown). The schematic representations of fig. 1, panel b) , show the nature of these molecules: D-type molecules extend from the conserved C at position +36 of the intron to the 3' end of the molecule. Depending on the batch of oocytes it is sometimes possible to visualize some precursor molecules of the D-band indicating that they originate, as shown for the 003a RNA (3), from upstream primary cleavage(s) followed by exonucleolytic trimming. C-type molecules extend from the 5' end of the transcripts up to the end of the conserved region. These molecules originate from primary cleavage around position 185 inside the intron with subsequent exonucleolytic trimming. In fact, the C-band which is homogenous in length at 15 min. becomes shortened by approximately 35 nucleotides at 60 min. Exonucleolytic trimming of the C-RNA can be visualized better than that of D-molecules. Very likely the activity of 3' exonucleases is lower than that of 5' exonucleases as already reported (3 and unpublished observations). Finally, F-type molecules represent the products of double C and D cleavages. The F-molecules are 110 nucleotides long and correspond to the region which is conserved in the three different introns (shadowed sequence of fig. 1 ). The molecules complementary to C and DRNAs do not accumulate in the oocyte; this suggests that the high stability of C and D-molecules is due to some specific structure or factor protecting the molecules from trimming. We previously reported that these molecules are rapidly degraded if reinjected in oocytes after gel purification (3) suggesting that either the structure is not formed on gel purified molecules or indeed a factor is responsible for their stability.
Structure of the intron conserved sequence
As preliminary work to mutational analysis we tried to identify the possible secondary structure assumed by the conserved intron region. Computer analysis indicated that this region can be folded into a specific structure that is always preferred despite the extention of the pre-RNA sequence considered. This structure is presented in fig. 3c . In order to experimentally verify the predicted structure we performed RNase Tl and SI analysis on 003a RNA. Fig.3a shows the Tl pattern on 5' 32 P-end labelled 003a RNA. With respect to digestion of the probe in denaturing conditions (lane 1) the digestion in native conditions (lane 2) shows few sensitive G, in particular those corresponding to cleavage numbers 1,2,3,4 and 7. Cleavages 3 and 4 correspond to G which, in the predicted structure, appear to be exposed in loop regions. Sites 1, 2 and 7 map outside the conserved region: sites 1 and 2 correspond to G 19 and 24 nucleotides downstream of the 5' splice site respectively, while site 7 is located 8 nucleotides downstream from the conserved region. SI analysis (fig.3b, lane 2) allows the verification of the existence of the loop indicated by arrow number 5, which does not contain any G, and of the A-rich terminal part of the conserved region. SI digestion, in the region of Tl cleavage 3 presents a faint smear probably because of the close proximity of the two adjacent loops. The only region which is not identified by the nuclease digestions is the loop indicated by the open arrow, yet this loop is always shown by the computer for the Lib and Lit sequences. In some experiments it can be seen as a very faint Tl band; we wonder whether the nuclease resistance could be due either to tertiary interactions or to the base composition of the loop, which shows internal base complementarity. In conclusion, the proposed secondary structure of the conserved region appears to be in good agreement with the Tl RNase and SI data; conversely, the structure outside the 110 nucleotide region was folded by the computer into different conformations and yet it was difficult to select one in good agreement with the digestion data.
In fig. 3c we have reported the nucleotide differences of the Lib and Lit sequences. It is interesting to note that all the substitutions which map in the long central stem are conservative for the structure. For instance a U in the Lla copy is substituted by a C in Lib (bold letter) and Lit (thin letter), transforming the G-U pair into the more stable G-C pair. Similarly observed is the G to A substitution in the Lib copy and the A to G in the Lit copy. In the Lib copy two differences are present in the lower stem; these changes, as judged by computer analysis, do not alter the overall structure: the U to C substitution allows G-C pairing so that only the A is bulged; the A insertion allows its pairing with the U and extrudes the G in the loop. Besides these conservative changes, all the other differences are in bulges and in loops, and none seem to affect the proposed structure. These observations, together with the fact that the same secondary structure is preferred by the computer for the Lib and Lit regions, suggest that this structure is likely to be conserved in all three introns. Fig. 3a, lane 3, shows the results of RNase Tl digestion performed in vivo on nuclei manually dissected from oocytes injected with the 32 P 5' end-labelled 003a pre-mRNA and incubated 15'. It is interesting to note that the sensitivity of bands 3 and 4 is strongly decreased while that of bands 1,2 and 7 is unaltered or even increased. The results show that at least part of the conserved region is protected in vivo from RNase digestion.
Intron mutants and analysis of their splicing phenotype
In order to analyze whether the conserved intron region plays any role in the peculiar splicing phenotype of the third intron, we compared the effect of mutants raised in this region with that of mutants made in other parts of the intron. Wild type and mutant RNAs were microinjected in oocyte nuclei and after 15 and 60 min. of incubation RNA was extracted from manually purified nuclei and an equal number of injected counts were loaded on 10% acrilamide gels. Fig.4 shows a few examples of such mutants compared with 003a RNA: two deletion mutants appear to have a very strong phenotype: A4 has a 60 nucleotide deletion inside the conserved region and it shows complete disappearence of cleavages such as mutant F88, which has a 12 nucleotide deletion in the 3' terminal part of the conserved region. On the contrary, Fl, which has a deletion of 6 nucleotides a few bases downstream from F88 and outside the conserved region shows the same phenotype as 003 RNA. Several substitution mutants were also constructed both in the conserved region and outside. Table 1 presents the list of the mutants analyzed, the localization of the mutations and their effect on cleavage. The percentage of conversion of input precursor RNA into the C and D-molecules was calculated by densitometric scanning of the gels. Once again, it appears that the mutations which fall outside the conserved structure do not cause any alteration on the amount of truncated molecules, whereas mutations inside the structure show a broad range of reduction in the cleavage phenotype, depending on the severity and extention of the mutation. As expected, base substitution mutants show lower effect than deletion ones. The fact that the gels were loaded with the same number of injected counts and that the reduction of cleavages is paralleled by increased accumulation of the pre-mRNA, allowed us to conclude that the mutations affect the sensitivity of the pre-mRNA to cleavage and not the stability of the truncated molecules. An interesting case is offered by mutants SI, S2 and SI-2 which are 4 nucleotide substitutions in the conserved longer stem. S2 has the GUGG sequence substituted by the complementary CUAC and shows a strong phenotype of cleavage inhibition (5-7 fold reduction). SI has the complementary substitution (CUAC to GUGG) and shows a lower reduction of cleavages (2-3 fold only). Computer analysis determined that the S2 mutation drastically altered the structure of the conserved region while the SI mutation recreated a stem similar to the original one. Mutant Sl-2 contains both the SI and S2 mutations. This construct should reconstitute the stem as shown by computer analysis. When this mutant was analyzed by oocyte microinjection it showed almost complete restoration of the wild type phenotype even though this was obtained after 2 hrs of incubation. This delay in the restoration of the wild type phenotype is interesting and represents the only example among the mutants analyzed, which did not show any significant difference in their cleavage activity between 1 and 2 hours incubation. It would suggest a different effect of this mutation from the others analyzed. This effect could be due to the small difference in stability of the stem due to the neighbouring effect of the base composition of the two strands. A second possibility is that the asymmetrical purine/pyrimidine distribution in the two strands is critical for the correct conformation of the stem as it has been shown for DNA sequences where asymmetry of the two strands makes the helix stiff and inflexible preventing for instance bending and nucleosome formation (12, 13) . In fact in the Sl-2 mutant the G-A rich strand (6 purines out of nine bases) becomes more homogenous in the purine/pyrimidine ratio (4 purines out of nine bases). One interesting correlation between splicing and cleavages is that all the mutants which have a low cleavage phenotype (see for example S1, S2 and F88) produce the accumulation of larger amounts of lariat demonstrating that the pre-mRNA concentration has a direct effect on the amount of spliced RNA.
In vivo competitions
In order to analyze whether the cleavage phenotype depends on the interaction of a trans-acting factor with the conserved intron region, we performed experiments of in vivo competition by coinjecting together with hot 003 RNA excess amounts of homologous competitor or of mutant substrates. Figure 5 shows the effect of the coinjection of 10-fold molar excess of cold 003 RNA or F88 RNA on the accumulation of the C, D and F bands. It is visible that at 15 and 60 minutes of incubation these bands are reduced in the case of homologous competition, while they are similar to the control when the F88 mutant, which has a no cleavage phenotype (see fig.4 ), is utilized as competitor.
DISCUSSION
The third intron of the X.laevis LI ribosomal protein gene shows a peculiar phenotype upon injection into stage VI oocytes: in addition of being a poor splicing substrate it undergoes site specific endonucleolytic cleavage (2, 3). The same behaviour was previously observed with the entire gene in injection experiments in stage VI oocytes (2) and during early embryo development (11) . In similar cases where intron sequences were shown to play a regulatory role, the phylogenetic comparison of corresponding sequences from related species has allowed the identification of the sequences involved in regulation (14, 15) . Following a similar approach we isolated the third intron from the second copy of the X.laevis LI gene and from the single copy of X.tropicalis, which diverged from X.laevis some 30 million years ago (16) . The analysis of these sequences indicated that the three introns share two important features: the same suboptimal 5' splice site (a C at position -1 ) and a 110 nucleotide long region which shows 95% primary sequence homology. Experiments of oocyte microinjection have shown that all three precursors are poor splicing substrates confirming the important role played by the conserved non-canonical splice junctions. This supports the idea that inefficient splicing is a crucial feature for assuring the correct expression of the LI gene, similarly to what it has been shown in many cases of regulatory or alternative splicing (17, 18, 19, 20) .
In addition to the low splicing phenotype, the three introns show other analogies: they undergo endonucleolytic cleavages which lead to the accumulation of similar truncated molecules. After primary cleavage(s), which occur some 30 nucleotides upstream and 40 nucleotides downstream from the conserved region, the resulting molecules are shortened down to fragments of 110 nucleotides which correspond to the conserved intron region.
RNase Tl and SI in vitro digestions of 003a RNA showed that the conserved intron region can assume a specific secondary structure and the analysis of site specific and deletion mutants demonstrated that the structural integrity of this region is indeed responsible for the cleavage phenotype. We also showed that the conserved intron region in vivo is more resistant to the attack of Tl nuclease and that the truncated molecules, though uncapped, are quite stable even after long incubation periods. These data, together with the observation that cleavage can be competed in vivo by injection of excess specific competitor, suggest that the conserved region can interact with a specific factor(s) and indicate that the destabilization of the pre-mRNA is the result of an active process and not a peculiarity intrinsic to the RNA. In conclusion, inefficient splicing and destabilization of the pre-mRNA combined together would regulate the expression of the LI gene by controlling the accumulation of mRNA. We have shown that in oocytes the mutations which lead to increased stability of the pre-mRNA indeed cause accumulation of larger amounts of lariats thus demonstrating that the concentration of the pre-mRNA can influence the amount of spliced RNA. In normally growing cells and for a poor splicing substrate such as the LI pre-mRNA this control of pre-mRNA stability could become a crucial regulatory step.
